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Abstract This work investigates the potential of magnetic Fe3O4 nanoparticles as an adsorbent for
simultaneous separation and preconcentration of trace amounts of palladium and rhodium from Pt–Ir
alloy and dust samples, prior to flame atomic absorption spectroscopy determinations. The effect of
pH on the adsorption of analyte ions over a pH range from 3 to 12 was studied. The analyte ions
quantitatively were adsorbed on magnetic Fe3O4 nanoparticles in the pH range of 10–12 and, then,
magnetic nanoparticles (MNPs) were easily separated from the aqueous solution by applying an external
magnetic field. Thus, no filtration or centrifugationwas necessary. After extraction and collection ofMNPs,
the analyte ions were eluted using HCl 1.0mol L−1. Under the best experimental conditions, linearity was
maintained between 0.01–5.5 µg mL−1 for palladium, and 0.005–3.0 µg mL−1 for rhodium. Detection
limits for palladium and rhodiumwere 2.9 and 1.4 ng mL−1 based on 3Sb. The relative standard deviation
of eight replicate measurements of 0.5 µg L−1 of Pd(II) and Rh(III) ions was 1.9% and 1.7%, respectively.
Finally, the method was successfully applied to the extraction and determination of palladium and
rhodium ions in Pt–Ir alloy and road dust samples.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Nanotechnology has recently become one of the most excit-
ing fields in the forefront of analytical chemistry. The unique
properties of nanoscale materials offer excellent prospects
for designing new methods and instrumentation for chemical
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Open access under CC BY-NC-ND license.analysis [1,2]. Homogeneous distribution of dispersed nanopar-
ticles in solution causes favorable mass transport to surfaces. In
addition, dispersed adsorbents avoid problems, such as occlud-
ing in filtration and fouling in packed columns andmembranes.
Magnetic Iron Oxide Nanoparticles (MIONs) are magnetic
iron oxides that have a super paramagnetic behavior under
certain particle sizes, which can be easily magnetized with an
external magnetic field and redispersed immediately, once the
magnetic field is removed [3].
MIONs have beenwidely used in various industrial products,
for example pigments, recording materials, printing and elec-
tro photography, such as copying toner and carrier powders,
etc. [4–6], since they have excellent physicochemical proper-
ties. In recent years, MIONs have been applied to the sepa-
ration of trace organic compounds and metal ions in various
samples [7–12].
A major advantage of using MIONs as solid phase extractor
is the possibility of the collection of MIONs by application
of a magnetic field in a batch system. This makes magnetic
nanoparticles excellent candidates for combining adsorption
S.Z. Mohammadi et al. / Scientia Iranica, Transactions F: Nanotechnology 18 (2011) 1636–1642 1637properties with ease of phase separation [13]. In addition, high
surface area and surface charge density, depending on the pH,
are some of the advantages.
MIONs modified with oleic acid and undecanoic acid have
been used for capturing As(III)–As(V) [14] and Cd [15], while
dispersible thiol functionalized magnetite NPs have been de-
scribed for the removal of heavy metals from aqueous sys-
tems [16]. Likewise, functionalized MIONs have been reported
for the isolation, identification and quantification of small
molecules with matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry [17]. Also, silica-modified
magnetic nanoparticles, functionalized with cetylpyridinium
bromide as an adsorbent,were used for themicroextraction and
determination of trace amounts of Cu(II), Ni(II), Co(II), Cd(II),
Pb(II) and Mn(II) from environmental water samples [18].
The release of palladium and rhodium from Vehicle Exhaust
Catalysts (VECs) represents a source of highly dispersed envi-
ronmental contamination, and these metals have been identi-
fied in dusts, soils and waters [19]. Since the introduction of
catalytic converters in modern automobiles, the determina-
tion of rhodium and palladium has received increased atten-
tion due to their release into the environment and allergic
properties [20–22]. Although numerous research studies have
been carried out on developing reliable analytical methods for
accurate determination of traces of rhodium and palladium in
different materials, their reliable determination are still a diffi-
cult task due to low environmental concentrations, and signifi-
cant interaction with sample matrix components.
The most crucial step in the analysis of rhodium and palla-
dium is selection of the appropriate analytical technique [23].
The most sensitive analytical techniques, such as Flame Atomic
Absorption Spectrometry (FAAS) [24–26], graphite furnace
atomic absorption spectrometry [27,28], neutron activation
analysis [29], adsorptive stripping voltammetry [30], induc-
tively coupled plasma-atomic emission spectrometry [31] and
inductively coupled plasma-mass spectrometry [32,33], have
been used for this purpose.
However,most of the aforementionedmethods except FAAS,
involve a greater cost and increased instrumentation complex-
ity, limiting widespread application to routine analytical work.
FAAS is still being used because it combines a fast analysis time,
a relative simplicity and a cheaper cost. All these features have
been responsible for its broad utilization in the determination
of trace elements in different samples [24–26,34,35]. However,
trace level determination of metal ions by FAAS is difficult due
to lower levels of metal ion than the detection limit of FASS
[34,35]. To overcome this limitation on the determination of
metal ions by FAAS, preconcentration techniques, such as Solid
Phase Extraction (SPE), is necessary.
To the best of our knowledge, there has been no study
conducted on the use of MIONs for the separation and
preconcentration of rhodium and palladium without the
addition of chelating agents and the modification of MIONs.
Therefore, the main objective of this work is investigating the
simultaneous separation and preconcentration of Pd(II) and
Rh(III) on MIONs. In the present study, we propose a new
preconcentration method for tracing palladium and rhodium
ions in road dust samples, prior to FAAS determination.
2. Experimental
2.1. Reagents and solutions
All solutions were prepared in deionized water using
analytical grade reagents (Merck, Darmstadt, Germany). Thelaboratory glassware was kept overnight in a 1.4mol L−1 HNO3
solution. Before use, the glassware was washed with deionized
water and dried. The stock solutions of palladium and rhodium
were prepared daily from Pd(II) and Rh(III) standard solution
1000.0 mg L−1 (Merck) by serial dilution with deionized water.
Platinum–iridium alloy was purchased from the Fine Wire
Company (CA, USA). The working reference solutions were
obtained daily by a stepwise dilution from stock solution. The
solutions of alkali metal salt (1% w/v) and various metal salts
(0.1% w/v) were used to study the interference of anions and
cations, respectively. A solution of 10% (w/v)NaCl (Merck) was
prepared by dissolving 10 g of NaCl in 100 mL of deionized
water.
2.2. Instrumentation
A SensAA GBC (Dandenong, Australia) atomic absorption
spectrometer, equipped with a deuterium background cor-
rection and hollow cathode lamp, was used for absorbance
measurements at wavelengths of 244.8 and 343.5 nm for palla-
dium and rhodium, respectively. The instrumental parameters
were adjusted according to manufacturer recommendations.
The acetylene flow rate and the burner height were adjusted
in order to obtain the maximum absorbance signal, while aspi-
rating the analyte solution. A Metrohm 692 pH meter (Herisau,
Switzerland) was used for pH measurements.
2.3. Preparation of MIONs
The MIONs were synthesized by coprecipitation of a sto-
ichiometric mixture of ferrous and ferric chlorides (molar
ratio 1:2) in an ammonium hydroxide solution [36] under ni-
trogen atmosphere with vigorous stirring (mechanically). The
nanoparticles were collected by the magnet and thoroughly
washedwith deionizedwater to remove excess amounts of am-
monium hydroxide. Then, the nanoparticles were dried in an
oven for 5 h at 110 °C.
2.4. Characterization of MIONs
The microstructure of the MIONs was observed by Scanning
Electron Microscope (SEM) (Cam Scan MV2300) and is shown
in Figure 1. The scanning electron micrograph was recorded
without sample coating. This figure shows that the adsorbent
had a regular surface, indicating relatively high surface areas.
The relative magnetization curve was determined at room
temperature using aQuantumDesignMPMS 5 superconducting
quantum interface device magnetometer (Figure 2). The mag-
netic MIONs were characterized by a high magnetic moment
when placed under a high magnetic field. The magnetic mo-
ment in the absence of an applied field was subtracted from the
result. The magnetization curve exhibited zero magnetization
upon removal of the magnetic field, which is a characteristic
behavior of super paramagnetic particles.
Another important parameter for practical applications of
synthesized Fe3O4 is theirmagnetization. Due to the asymptotic
increase of magnetization for high fields (see Figure 3), the
saturationmagnetization value can be obtained from the fitting
of the M vs. 1/H curves, extrapolating the magnetization
value of 1/H to 0 [37]. According to Figure 3, the saturation
magnetization for uncoated-NPs is 55.7 emu g−1, which is
lower than that of bulk magnetite (92 emu g−1) [38]. This
reduction might suggest a mixture with the maghemite phase.
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Figure 2: Magnetization vs. applied magnetic field for MIONs at room
temperature.
2.5. Extraction procedure
The extraction procedure was carried out in a batch process.
All standards and samples were prepared for analysis according
to the following procedure. 50mLof each samplewere placed in
a beaker. To each beaker, 2 mL of 0.1 mol L−1 phosphate buffer
(pH10.5), 1mLof 10% (w/v)NaCl and20mgMIONswere added
and stirred for 2 min. Then, the beakers were placed on the
magnet and the nanoparticles were collected. After decanting
the supernatant solution, the collected MIONs were washed
with 2.0 mL of 1.0 mol L−1 HCl solution in order to elute theFigure 3: Magnetization curve of MIONs against the reciprocal of the applied
field at 300 K.
adsorbed analyte ions. Then, analyte ions in the eluent were
determined by FAAS.
2.6. Sample preparation
One platinum–iridium alloy was analyzed. To 10.0 mg of
this alloy, 7 mL of aqua regia was added and the solution was
evaporated. 5mL of concentrated hydrochloric acidwere added
to it and warmed. Then, the solution was cooled and made up
to 250.0 mL with deionized water in a calibrated flask.
The road dust samples were collected from three different
roadsides with dense traffic, in Kerman, Iran. The samples were
dried at 100 °C for 2 h, ground, passed through a sieve of 200
meshes and homogenized. Approximately, 8.0 g of each sample
were weighed accurately into a beaker. In order to decompose
the dust samples, 25 mL of aqua regia were added to it and the
mixture was heated almost to dryness. Then, 20 mL of aqua
regia were added again to the residue and the mixture was
evaporated to dryness. After this, 25 mL of deionized water
were added to the beaker and the insoluble parts were filtered
through a filter paper (blue band) and washed with deionized
water. The pH was adjusted to 10.5 and the total volume was
made up to 100.0 mL with deionized water in a calibrated flask.
3. Results and discussion
In this study, a combination of SPE and FAAS was developed
for determination of trace amounts of palladium and rhodium.
Several factors that may affect the preconcentration and
extraction process, including pH, type and volume of eluent,
amount of MIONs, sample volume, salting out effect and
interfere ions, were studied and optimized. The optimizations
were carried out on aqueous solutions containing 2.5 µg of
palladium and rhodium ions.
3.1. Effect of pH
Since the pHof the aqueous sample solutions is an important
analytical factor in SPE, the adsorption of Pd(II) and Rh(III)
by MIONs was investigated at the pH range of 3–12. The pH
of sample solutions was adjusted by 0.1 mol L−1 NaOH or
0.1 mol L−1 HNO3. The results are given in Figure 4. With
the increase of pH, the adsorption efficiency of the analytes
improved dramatically and reached maximum at pH 10.0. At
pHs higher than 10, metal ions can precipitate as hydroxides
and preconcentration on the MIONs is favoured. Accordingly,
further studies were done at pH 10.5 using a 0.1 mol L−1
phosphate buffer solution. Additional experiments on the
volume of buffer showed that 2 mL of buffer solution give the
best results. Therefore, 2 mL of 0.1 mol L−1 phosphate buffer
solution were used in all subsequent experiments.
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Pd(II) and Rh(III), 2.5 µg; buffer, 2 mL; NaCl 10%(w/v), 1 mL; MIONs, 20 mg;
and sample volume, 50 mL.
Figure 5: Effect of MION amounts on the recovery of palladium and rhodium.
Conditions were the same as Figure 4, except the amount of MIONs.
3.2. Effect of the adsorbent amount
The amount of MIONs for complete extraction of 50 mL
solution containing 2.5 µg palladium and rhodium at pH 10.5
was studied. The results (Figure 5) showed that the recovery
percent increased to 4 mg and remained constant. Therefore,
20 mg of MIONs were used in all subsequent experiments.
3.3. Effect of ionic strength
Sodium chloride was used to investigate the influence of
ionic strength on the extraction efficiency. For investigating
the influence of ionic strength on the extraction of analyte
ions, several experiments were performed by adding different
volumes of NaCl 10%, from 0.0 to 1.5 mL. The remaining
experimental conditions were kept constant. The results are
presented in Figure 6 and show that maximum extraction
efficiency was obtained in the range 0.75–1.5 mL of NaCl.
Therefore, 1 mL NaCl 10% was used in all further experiments.
3.4. Effect of type and concentration of eluent
The selection of an appropriate eluent is an important factor
to be considered in SPE. For this purpose, two inorganic solvents
(2 mL) were tested to choose the best solution for elution
of palladium and rhodium ions accumulated on MIONs, and
the recovery percent for each eluent was determined. Among
the inorganic solvents studied, the highest recoveries were
obtained with HCl. The results are given in Table 1.
After this, the experiments were carried out for selecting
the concentration of HCl solution. Hydrochloric acid solutions,
at concentrations of 0.5, 1.0, 1.5, 2.0 and 3.0 mol L−1, were
studied for this purpose. The results are given in Table 1 andFigure 6: Effect of NaCl volume on the recovery of palladium and rhodium
Conditions were the same as Figure 4, except the volume of NaCl.
Table 1: Eluent selection.
Eluent (2.0 mL) Elution efficiency (%)
Pd Rh
1.0 mol L−1 HNO3 53.7 89.5
0.5 mol L−1 HCl 63.3 97.8
1.0 mol L−1 HCl 97.1 98.6
1.5 mol L−1 HCl 98.3 99.2
2.0 mol L−1 HCl 99.0 97.6
3.0 mol L−1 HCl 98.7 98.8
show that the recovery percent increased, with an increasing
concentration of hydrochloric acid solution up to 1.0 mol L−1,
and then remained constant. Therefore, 2 mL HCl 1.0 mol L−1
solution were selected for further experiments.
3.5. Breakthrough volume
The measurement of breakthrough volume is important
in SPE because breakthrough volume represents the sample
volume that can be preconcentrated without loss of analyte
during loading of the sample [39]. For this purpose, 20–350 mL
of an aqueous solution containing 3.0 µg of palladium and
rhodium ions was processed according to the extraction
procedure. The results showed that the analyte ions were
recovered quantitatively in the range 20–300 mL. With respect
to eluent volume (2.0 mL), a 150 preconcentration factor (the
ratio of the highest sample volume to the lowest eluent volume)
for the analyte ions was obtained.
3.6. Matrix effects
Matrix effects are important problems in determination of
metals in real samples. In order to assess the possible analytical
applications of the extraction procedure, the interference of
several cations and anions was examined under optimized
conditions. For this purpose, an aliquot of aqueous solution
(50 mL) containing 5.0 µg of analyte ions was taken with
different amounts of foreign ions, and the extraction procedure
was performed. The tolerance limitwas set as the concentration
of foreign ion required to cause±5% error. The results are given
in Table 2. Despite the fact that most elements, such as Fe, Al,
Co, Pd and Rh, can be precipitate in pH = 10.5 in view of the
high selectivity provided by FAAS, the extraction procedure is
selective and can be used in various samples for determination
of palladium and rhodium ions without interference.
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Foreign ions Interference/analyte ions(II) ratio
Pd Rh
H2PO−4 6000 6000
HPO2−4 6000 6000
Ca2+ , Mg2+ 2000 1500
Fe2+ 2000 1500
Fe3+ 1500 1500
Al3+ 50 200
Cd2+ 100 300
Pb2+ 300 300
Au3+ 300 100
Ni2+ 25 30
As3+ 500 400
Cu2+ 50 30
Ba2+ 150 150
Cr3+ 200 150
Mn2+ 50 50
Co2+ 150 200
Table 3: Analytical parameters of method.
Statistical parameters Palladium Rhodium
Linear ranges (µg mL−1) 0.01–5.5 0.005–3.0
Regression equations A = 0.165X
+ 0.0038
A = 0.306X
+ 0.0033
Correlation coefficients (R) 0.9989 0.9998
RSD% 1.9 1.7
Detection limits (ng mL−1) 2.9 1.4
3.7. Adsorption capacity
In order to evaluate the adsorptive capacity of the MIONs,
a batch method was used. Fifty mL of solution containing
2.0 mg of palladium and rhodium ions (individually) at pH 10.5
was added to 40.0 mg sorbent. The mixture was shaken for
5 min and then filtered. 10.0 mL of the supernatant solution
were diluted to 100.0 mL, then, the palladium and rhodium
concentration were determined by FAAS. The capacity of the
sorbent for palladium and rhodium was found to be 27.2 and
31.8 mg g−1, respectively.
3.8. Calibration, precision and detection limit
Under optimized conditions, calibration curves were con-
structed for determination of palladium and rhodium ions ac-
cording to the extraction procedure. Linearity was maintained
between 0.01 and 5.5 µg mL−1 for the palladium ion and
0.005–3.0 µg mL−1 for the rhodium ion in the original solution
(50 mL). The detection limits of the method based on 3Sb (n =
8) for Pd(II) and Rh(III) ions were 2.9 and 1.4 ng mL−1 in the
original solution, respectively. Eight replicate determinations of
a mixture of 0.5 µg mL−1 palladium and rhodium ions in the
original solution gave a mean absorbance of 0.089 and 0.154
with relative standard deviations of 1.9% and 1.7%, respectively.
The analytical characteristics of the extraction procedure are
given in Table 3.
3.9. Analysis of certified reference material
The accuracy and applicability of the extraction procedure
has been applied to determination of palladium and rhodium
ions in one platinum–iridium alloy. Results are given in Table 4.
It was found that there is no significant difference betweenTable 4: Determination of Pd(II) and Rh(III) in platinum–iridium alloy.
Composition (%) Found valuea (%)
Pt, 55; Ir, 28; Cu, 3.0; Pd, 3.5; Rh, 7.0; Fe, 3.5 Pd: 3.46± 0.21
Rh: 7.12± 0.36
a Average of three determinations± standard deviation.
Table 5: Determination of palladiumand rhodium in the road dust samples.
Sample Founda
(µg g−1)
Added
(µgg−1)
Found
(µg g−1)
Recovery
(%)
Street dust
No. 1
Pd: 0.23± 0.02 Pd: 1.0 Pd: 1.27± 0.05 104
Rh: 0.40± 0.02 Rh: 1.0 Rh: 1.42± 0.06 102
Street dust
No. 2
Pd: 0.20± 0.01 Pd: 1.0 Pd: 1.18± 0.04 98
Rh: 0.38± 0.02 Rh: 1.0 Rh: 1.40± 0.06 102
Street dust
No. 3
Pd: 0.18± 0.01 Pd: 1.0 Pd: 1.20± 0.04 102
Rh: 0.37± 0.02 Rh: 1.0 Rh: 1.34± 0.06 97
a Average of two determination± standard deviation.
results obtained by the extraction procedure and the certified
results. These results indicate the applicability of the extraction
procedure for simultaneous preconcentration of palladium and
rhodium ions, being free of interference.
3.10. Analysis of road dust samples
The extraction procedure has been applied to the determina-
tion of palladium and rhodium ions in road dust samples. The
results are given in Table 5. Also, the recovery of palladium and
rhodium ions from the road dust samples spiked with known
amounts of palladium and rhodium ions was studied. The re-
sults are shown in Table 5. According to these results, the added
Pd(II) and Rh(III) ions can be quantitatively recovered from road
dust samples by the extraction procedure. These results demon-
strate the applicability of the extraction procedure for palla-
dium and rhodium determination in road dust samples.
3.11. Comparison with other methods
A comparison of the extraction procedure with the other
reported preconcentration methods [40–45] for palladium and
rhodium ions is given in Table 6. The obtained detection limits
by the extraction procedure are comparable to most of those
reported in the literature.
4. Conclusions
It can be concluded from the results that MIONs are an
effective sorbent for separation and preconcentration of trace
amounts of palladium and rhodium ions in dust samples
without addition of a chelating agent and modification of
MIONs. The greatest advantage of this method is that the
desired materials are separated from the solution by a
simple and compact process, while less secondary wastes are
produced. Other advantages include: avoidance of channeling
effects that are common in packed beds; being simple, rapid,
and resproducible, having a high enrichment factor (150) and
low analysis cost. Also, MIONs did not retain anymagnetization
after the removal of an external magnetic field, which proved
the superparamagnetic characteristic of these nanoparticles.
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System Analysis method Linear range (ng mL−1) RSD (%) LOD (ng mL−1) Ref.
LLE ICP-AES – – Rh: 7.0 [40]
SPE ICP-AES – 4.1 Rh: 50.0 [41]
Microwave GFAAS Pd: 0–20 Pd: 14.9 Pd: 0.45 ng g−1 [42]
Digestion Rh: 0–16 Rh: 9.67 Rh: 0.6 ng g−1
SPE ICP-AES Pd:1–8 Pd: 4.2 Pd: 0.28 [43]
SPE PASa Pd: 12–210 <5% Pd: 4 [44]
SPE FAAS Pd: 0–200 Pd: 1.8 Pd: 1.5 [45]
SPE FAAS Pd: 0.01–5.5 Pd: 1.9 Pd: 2.9 Present work
Rh: 0.005–3.0 Rh: 1.7 Rh: 1.4
a Photoacoustic spectroscopy.References
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